This study was designed to investigate the impact of the Entropy Module ® and Bispectral Index ® (BIS) monitoring on drug consumption and recovery times compared with standard anaesthetic practice in patients undergoing orthopaedic surgery using a combination of regional and general anaesthesia as performed by an experienced anaesthesiologist. We hypothesised that electroencephalogram monitoring would lead to a lower drug consumption as well as shorter recovery times.
Intraoperative electroencephalogram (EEG) monitoring has increasingly been introduced into clinical practice within the last 10 years. Advantages of EEG monitoring lie in the reduced anaesthetic drug consumption of around 19%, as has been shown in a meta-analysis by Liu 1 on 11 randomised controlled trials for Bispectral Index ® (BIS, Aspect Medical Systems, Newton, MA, USA) monitoring. However there exists a clear correlation between the intraoperative BIS target and potential savings. Whereas the reduced anaesthetic drug consumption is maximal at a BIS target of 55, savings are minimal at a mean intraoperative BIS value of 40 2 .
In some studies that showed reduced hypnotic drug administration due to EEG monitoring, the consumption of opioids in these patients was significantly increased [3] [4] [5] [6] [7] compared to the control group. To effectively separate the hypnotic and analgesic component of general anaesthesia in our investigation, we conducted this study in orthopaedic patients who received regional anaesthesia via catheter for intraoperative pain control. This study design enabled to precisely investigate the effect of EEG-monitoring solely on hypnotic drug consumption.
Anaesthesia and Intensive Care, Vol. 38, No. 1, January 2010 The aim of our study was to investigate whether monitoring depth of anaesthesia applying the Entropy Module ® (GE Healthcare, Helsinki, Finland) is equivalently effective compared to BISmonitoring in regard to the drug-saving potential and improved recovery times. Whereas the BIS monitor uses different algorithms to calculate the BIS during the different stages of anaesthesia, e.g. burst suppression 8 and frequency power calculation 9 as well as bispectral analysis 10 , the Entropy Module ® measures depth of anaesthesia by calculating the Shannon entropy 11 of the power spectrum called the 'spectral entropy'. only two studies concerning the drug-saving potentials have been published for the Entropy Module ® measuring two indices: State Entropy ® (SE) and Response Entropy ® (RE). one study showed reduced propofol consumption 12 and the other reduced sevoflurane consumption 13 when monitoring Entropy.
This study was designed to investigate the impact of Entropy and BIS monitoring on drug consumption and recovery times when compared with standard clinical practice in patients undergoing orthopaedic surgery in a combination of regional and general anaesthesia. Anaesthesia was performed by an experienced anaesthesiologist.
MATERIAL AND METHoDS
After having obtained institutional review board approval and written informed consent, 90 adult patients were randomised to receive a propofolremifentanil anaesthesia controlled either by Entropy or BIS or solely by clinical parameters (blood pressure, heart rate, sweating, tear production, movement). Men or women, aged 18 to 80 years, American Society of Anesthesiologists (ASA) physical status I, II or III who were to undergo minor surgery expected to last at least one hour were studied prospectively. The investigation was performed in orthopaedic patients receiving regional anaesthesia for intra-and postoperative pain control for surgery to the upper or lower extremity in combination with general anaesthesia. Exclusion criteria were a history of any disabling central nervous or cerebrovascular diseases, hypersensitivity to opioids or substance abuse, or a treatment with opioids or any psychoactive medication. After enrolment, patients were randomised by drawing lots from a closed box. All patients were premedicated with midazolam 7.5 mg orally on the morning before surgery. In the operating room an intravenous (IV) cannula was inserted into a larger forearm vein and standard monitors were applied. The EEG was continuously and simultaneously recorded in all three groups using an A-2000 BIS ® monitor (version XP, software version 4.0, smoothing time 15 seconds, BIS value updated every second) and an Entropy Module ® . The BIS and Entropy electrodes were mounted as has been described previously 14 . In all patients, after pre-oxygenation, anaesthesia was induced with remifentanil infusion at 0.4 µg/kg/minute followed five minutes later by a bolus of 2 mg/kg propofol and a continuous propofol infusion of 6 mg/kg/ hour. After loss of consciousness, oxygen was given by facemask ventilation and each patient received 0.1 mg/kg of cis-atracurium. Three minutes later the trachea was intubated. Neither nitrous oxide nor volatile anaesthetics were used in this study. Immediately after intubation, remifentanil was reduced to the rate of 0.08 µg/kg/minute in order to tolerate the tracheal tube. Thereafter, propofol was sequentially adjusted according to the predetermined target values of BIS or Entropy (SE) or clinical parameters. The aim in all patients was to provide smooth, haemodynamically stable anaesthesia with the shortest possible emergence time and without intraoperative awareness.
No more neuromuscular blocking agents were given intraoperatively. Continuous monitoring included heart rate (HR), systemic arterial pressure, ventilatory frequency, oxygen saturation and carbon dioxide concentration. Baseline systolic arterial pressure (SAP) was defined as the lower of the two measurements obtained the day before surgery and immediately before induction of anaesthesia. Blood pressure was recorded every 2.5 minutes. During maintenance of anaesthesia, all patients were assessed for signs of inadequate anaesthesia, hypotension or bradycardia. Inadequate anaesthesia was defined as hypertension, tachycardia or patient movement, eye-opening, swallowing, grimacing, lacrimation or sweating. The definition of adverse haemodynamic responses was adapted from Garrioch et al 15 : responses were classified as 'hypertension' (SAP >40 mmHg from baseline), 'hypotension' (SAP <40 mmHg from baseline), 'tachycardia' (HR >100 beats/minute -1 ) and 'bradycardia' (HR <45 beats/minute -1 ). In the standard practice group, if anaesthesia was judged inadequate the propofol concentration was increased in steps of 1 mg/kg/hour as necessary. Hypotension, if any, was initially treated with IV fluid replacement; propofol concentration was then reduced in steps of 1 mg/kg/hour and finally, 0.3 ml of an IV vasopressor (Akrinor, AWD Pharma, Dresden, Germany, 1 ml contains 100 mg cafedrine and 5 mg theodrenaline) was given.
In the Entropy and BIS group, propofol during maintenance of anaesthesia was continuously adjusted according to a target value of '50' for BIS and Entropy (SE). Hypotension was initially treated with IV fluid replacement and finally, the IV vasopressor was given. In all groups bradycardia was treated with 0.5 mg of atropine. In all groups a propofol bolus of 0.5 mg/kg could be given in the presence of an unexpected somatic intraoperative response. In the Entropy and BIS group a propofol bolus of 0.25 mg/kg could be given in the presence of a sudden increase of SE or BIS above the index value of 65. In all patients, irrespective of the individual group assignment, BIS and Entropy values and all study data were recorded as described previously 14 .
In the standard practice group, both monitors were covered behind a curtain and invisible to the attending anaesthesiologist, whereas in the BIS or Entropy group, either only the BIS monitor or only the Entropy Module ® was uncovered. To rule out a learning contamination bias 16 in the standard practice group, anaesthesia was performed by a sole anaesthesiologist experienced in total intravenous anaesthesia as well as in the use of BIS and Entropy monitoring. Fifteen minutes before the expected end of surgery, propofol was reduced in all patients to facilitate rapid emergence from anaesthesia, whereas the low baseline remifentanil infusion rate remained unchanged throughout the end of the procedure. In the BIS and Entropy groups, propofol concentration was adjusted to a value of '60' for BIS and Entropy (SE), whereas in the standard protocol group it was reduced as much as was clinically judged possible without allowing for intraoperative awakening. Simultaneously, complete neuromuscular recovery was ensured by neuromuscular monitoring. The delivery of propofol and remifentanil was stopped at the end of surgery, which was defined as the final surgical suture. Recovery from anaesthesia was assessed by measuring the time to spontaneous opening of eyes allowing extubation. In the following the modified Aldrete score 17 of the patient was obtained to evaluate the possibility to bypass the recovery room.
An intraoperative remifentanil consumption of more than 0.15 µg/kg/minute or an insufficient postoperative pain control through regional anaesthesia, requiring additional intravenous drug administration postoperatively was defined as inappropriate regional anaesthesia. Patients with insufficient regional anaesthesia were excluded from further analysis.
Finally, all patients were visited in the postanaesthesia care unit and on the first and third postoperative days and interviewed about intraoperative awareness by a standardised interview 18 .
The primary endpoint of this study was defined as the reduction in propofol consumption. A sample size calculation was performed using data published by Kreuer et al 19 reporting a standard deviation of 20% in mean propofol consumption. For this three-group design with Bonferroni correction for multiple comparisons, at least 25 patients had to be investigated in each group to detect a reduction of 20% in the propofol consumption with a standard deviation of 20% in propofol consumption in each group with a type I error of 0.05 and a statistical power of 0.86.
Data are presented as mean and standard deviation or median and range. Data analysis was performed using SPSS version 11.0 (SPSS Science, Chicago, IL, USA). Normally distributed data were compared with between-groups analysis of variance (Control, Entropy, BIS) and Tukey HSD post-hoc test if the global analysis of variance result was significant. A covariance analysis was performed for 'recovery time' and the covariate 'duration of anaesthesia'. Data which were not normally distributed were compared using the Kruskal-Wallis analysis. A P of 0.05 was considered significant.
RESULTS
A total of 90 patients (30 patients per group) were enrolled in this investigation. Due to insufficient regional anaesthesia or EEG data loss, five patients in the Entropy group and three patients in each of the BIS and standard practice groups had to be excluded from further investigation (Figure 1) . Demographic data were similar with respect to age, height, weight and duration of anaesthesia (Table 1) . Compared with standard practice, propofol consumption in the Entropy or BIS monitored groups was similar (standard practice 101±22 µg/kg/minute, Entropy 106±24 µg/kg/minute, BIS 104±20 µg/kg/minute, P=0.27). In addition, remifentanil consumption was almost identical between groups with 0.09±0.02 µg/kg/minute for standard clinical practice, 0.08±0.02 µg/kg/minute for Entropy and 0.08±0.02 µg/kg/minute for BIS (P=0.56). Recovery times (time between last suture and opening of patient's eyes) showed a significant difference between Entropy (9.2±3.9 minutes) and BIS (6.8±2.9 minutes) (P=0.023), whereas no significant difference was found between the two EEG groups and the standard practice group (7.3±2.9 minutes). A covariance analysis was performed for 'recovery time' and the covariate 'duration of anaesthesia' since 'duration of anaesthesia' between Entropy and BIS differed by 23.7 minutes in order to rule out that the significant difference between Entropy and BIS was due to different anaesthesia durations. However, 'duration of anaesthesia' did not account for a significant part of the variance of 'recovery time' in our study. Aldrete scores (10/10) evaluated at the time point of extubation were significantly different between standard practice (8.8±0.4), Entropy (8.4±0.6) and BIS (8.6±0.5) demonstrating a difference between standard practice and Entropy (P=0.045). This difference was however no longer present one minute after extubation (Aldrete scores: 9.1±0.3, 9.2±0.6 and 9.3±0.5, respectively, with P=0.164).
BIS and Entropy values were obtained in all three treatment groups irrespective of the individual group assignment and are shown in Figure 2 . Displayed are the time fractions of actual (vs targeted) BIS and Entropy values obtained during maintenance of anaesthesia (between incision and last suture). Actual BIS values in the BIS monitored group within a range of 40 to 60 were observed during 69.7% of the investigation time. In 27.2% of the time BIS values were found to be lower, whereas 3% of Table 2 ). These differences however were not significant.
The average intraoperative SE, RE and BIS values for all patients within the three groups are displayed in Table 3 . The average SE value in the Entropy group was 45±6 and the average BIS value in the BIS group was 44±5. These values were nearly identical to the SE and BIS values obtained in the standard practice group with 44±12 for SE and 46±6 for BIS. A bolus of propofol following a sudden rise in SE or BIS above 65, a sudden unexpected somatic response, patient movement or coughing was given to 10 patients in the control group, 12 patients in the Entropy group and to eight patients in the BIS group.
No patient reported intraoperative awareness in the recovery room, or on days one or three after surgery.
DISCUSSIoN
our study was designed to show the hypnotic drug-saving potential of EEG monitoring in patients anaesthetised with propofol in orthopaedic patients. To clearly separate hypnotic and analgesic components of anaesthesia, all patients received regional anaesthesia catheters for intra-and postoperative pain control prior to our investigation. We had to reject our hypothesis since no difference in propofol consumption was found between the standard clinical practice group and the Entropy or BIS monitoring group.
First, it is important to realise that all anaesthesia was performed by an experienced anaesthesiologist. Hadzidiakos et al 20 could show that subjective assessment of depth of anaesthesia and BIS correlated significantly better in experienced compared to inexperienced anaesthesiologists. This might explain why the percentage of Entropy and BIS-values within the recommended range of 40 to 60 did not differ significantly in our study between the EEG-groups on the one hand and the standard practice group on the other hand. The same study could have led to different results if first year residents had performed anaesthesia in this study.
Our findings were unexpected since the potential savings in drug consumption published in previous investigations for BIS monitoring were as high as 40% 2 . However, we speculate that the widespread use of EEG monitors has already influenced the standard practice of dosing propofol, leading to a general subtle 'learning contamination bias'. Whereas propofol consumption in the standard clinical practice group was as high as 134 µg/kg/ minute (8. In addition, while aiming for a BIS or Entropy value of 50, the mean BIS value was 44 in the BIS group and the mean SE value was 45 in the Entropy group, thereby reaching relatively low mean values which have recently been shown to have only little drug-saving potential 2 . A lower mean EEG parameter value than aimed for (as reported in the study design) has previously been observed in other studies investigating the propofol drug saving potential 5, 19, 22 . Even BIS values below 45 in the BIS group have been reported for all large studies investigating intraoperative awareness [23] [24] [25] . An explanation for these relatively low mean EEG parameter values may be seen in the fact that this biological signal is inherently fluctuating and to decrease the EEG parameter value is easier and quicker (additional drug bolus) than to increase it.
In accordance with our results is a recent publication by Rundshagen et al 26 , investigating the potential drug-saving effect of Narcotrendassisted propofol/remifentanil anaesthesia versus standard clinical practice. Although propofol consumption tended to be lower in the EEG group, this difference failed to be significant. In parallel, Zohar and colleagues could not detect a drug-saving potential for sevoflurane in geriatric outpatients despite the use of BIS-monitoring 27 . In addition, a preliminary observation in orthopaedic patients using sevoflurane-remifentanil also failed to show a reduction in sevoflurane consumption in the Narcotrend-monitored group in comparison to standard clinical practice 28 .
However, we could show that the cumulative percentage of Entropy-and BIS-values >60 in the standard clinical practice group could be reduced through EEG-monitoring by 40 and 60%, respectively ( Table 2) . Although this effect remained insignificant due to the wide range between patients, it is tempting to speculate that this effect mirrors the results seen in large studies that showed a reduction of intraoperative awareness by the use of BISmonitoring 23, 24 .
The inclusion of more than one type of surgery and of more than one regional anaesthesia technique is a possible limitation of our study, as different types of blocks might contribute to different levels of analgesia.
It could furthermore be argued that a flaw of our study was that pain perception was completely blocked by regional anaesthesia and that additional general anaesthesia was unnecessary. However, in our institution, general anaesthesia is performed 'on top' due to the fact that for 10 to 15% of patients regional anaesthesia is incomplete. In the case of 'beach chair' or prone positioning 'on top', general anaesthesia is preferable compared to 'on demand' general anaesthesia. Besides, this study was performed in this special subgroup of patientsreceiving regional anaesthesia together with general anaesthesia -in order to clearly investigate the unique impact of EEG monitoring on hypnosis.
Further advantages of EEG monitoring have been described such as faster recovery from anaesthesia and reduced incidence of postoperative nausea and vomiting 1 . These advantages are closely related to the reduction of intraoperative anaesthetic drug consumption. However, reduced anaesthetic drug consumption does not automatically lead to improved recovery profiles. In a large study covering 1580 patients, BIS monitoring failed to show a significant effect on the time to achieve an Aldrete score of 9 to 10 after extubation when compared to standard clinical practice 29 . Although Entropy monitoring reduced sevoflurane consumption by 29% in the study by Aimé et al 13 , an effect on spontaneous eyeopening or extubation times was not found. In a study by Bruhn et al 30 investigating the impact of EEG monitoring on desflurane/remifentanil anaesthesia, no improvement of recovery times was observed. The authors concluded that this might be explained in part by the preferential fast pharmacokinetic properties of these two drugs, making it far more difficult to further improve recovery times through EEG monitoring.
It seems that intraoperative EEG monitoring will not per se lead to reduced intraoperative drug consumption and favourable recovery profiles, but is strongly dependent on the surgical procedure, the anaesthetic regimen, as well as the motivation and the experience of the anaesthesiologist in charge.
In conclusion, our study was unable to demonstrate superiority of Entropy or BIS-monitoring over standard clinical practice in orthopaedic patients receiving a combination of regional and general anaesthesia by an experienced anaesthesiologist.
